Abstract. We present an overview on the current experimental and phenomenological status of transverse single spin asymmetries (tSSAs) in proton-proton collisions. In particular, we focus on large-pT inclusive pion, photon, jet, pion-jet production and Drell-Yan processes. For all of them theoretical estimates are given in terms of a generalised parton model (GPM) based on a transverse momentum dependent (TMD) factorisation scheme. Comparisons with the corresponding results in a collinear twist-3 formalism and in a modified GPM approach are also made. On the experimental side, a selection of the most interesting and recent results from RHIC is presented.
Introduction
In recent years, transverse spin phenomena have gained substantial attention as they offer the unique opportunity to expand our current one-dimensional picture of the nucleon by imaging the proton in both longitudinal and transverse momentum and impact parameter space. At the same time these phenomena can help in understanding the basics of colour interactions in QCD and how they manifest themselves in different processes.
Understanding the large transverse Single-Spin Asymmetries (tSSAs), abundantly observed in high-p T inclusive hadron production in high-energy proton-proton experiments, is certainly one of the major challenges and fascinating issues in today's hadronic physics. In fact, because of helicity conservation (in the massless limit) intrinsic to QED and QCD interactions, large tSSAs cannot be generated in the hard elementary processes. Their persisting at large transverse momenta must therefore be related to non perturbative properties of the nucleon structure, such as parton intrinsic and orbital motion. An unambiguous understanding of the origin of tSSAs would then allow a deeper knowledge of the nucleon structure.
Two different, although somewhat related, approaches are thought to be the possible key solution to the problem [1] . One (known as "twist-3 approach"), based on the well-known collinear QCD factorisation scheme and suitable for high-energy single-scale processes, involves as basic quantities higher-twist quark-gluon-quark correlations in the nucleon as well as in the hadronisation process . The second approach (named GPM in the following) is based on a more phenomenological generalisation of the parton model, with the inclusion, in the factorisation scheme, of transverse momentum dependent partonic distribution and fragmentation functions (TMDs). See Refs. [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15] and references therein, for a more detailed account of the two approaches.
Factorisation in the TMD formalism has been proven for double energy scale (a hard and a soft one) processes like semi-inclusive deeply inelastic scattering (SIDIS), DrellYan (DY) and e + e − annihilation processes [16, 17, 18, 19] , allowing the extraction of some relevant TMDs, like the Sivers [20, 21] and the Collins [22] functions. Notice that twist-3 correlations are somehow related to transversemomentum moments of corresponding TMDs.
Concerning the experimental side, a myriad of new techniques and technologies made it possible to inaugurate the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory as the world's first high-energy polarised proton collider in December 2001. This unique environment provides opportunities to study the polarised quark and gluon spin structure of the proton and QCD dynamics at a high-energy scale, therefore it is complementary to existing SIDIS experiments. The polarised proton beam program at RHIC has in the past and will continue to address:
-How do quarks and gluons hadronise into final-state particles? -How do spin phenomena in QCD arise at the quark and gluon level? -How can we access the full 3D structure of the nucleon?
After a general overview on some of the most relevant experimental results we will focus on the phenomenological study of azimuthal and tSSAs in pp collisions within the GPM approach: this indeed offers a powerful tool to describe many data sets for the inclusive cases and their main features, representing at the same time a window into possible factorisation breaking effects. We will also comment, wherever appropriate, on the corresponding results in the twist-3 approach. A general overview on TMDs and their phenomenology in SIDIS and e + e − annihilation processes can be found in Ref. [23] (this Special Issue).
For their relevance we will present and discuss in some detail a selection of results from RHIC, that has provided and is still providing with the most interesting and challenging experimental data. For a recent discussion of the potential role of SSA studies for the fixed-target experiment AFTER, proposed at the Large Hadron Collider (LHC), see Ref. [24] . It is also worth to mention the proposed polarised target and beam program with SeaQuest [25, 26] at FermiLab that will provide the possibility to study TMDs for sea and valence quarks through DY production. Although there is no dedicated TMD experimental program, LHC would also offer a nice opportunity to investigate, at the largest available center-of-mass energy and transverse momentum, several TMD observables and effects involved in azimuthal asymmetries for unpolarised pp and pA collisions.
Experimental Results
Results from the PHENIX [27] and STAR [28] Collaborations have shown that large transverse single spin asymmetries for inclusive hadron production, A N , that were first seen in pp collisions at fixed-target energies and modest p T (the transverse momentum of the final hadron), extend to the highest RHIC center-of-mass (c.m.) energies, √ s = 500 GeV and surprisingly large p T . These asymmetries are defined as A N = dσ ↑ −dσ ↓ dσ ↑ +dσ ↓ , where ↑, ↓ represent the two opposite spin orientations perpendicular to the scattering plane (see Sec. 3.1 for further details). Figure 1 summarizes the measured asymmetries from different experiments as a function of Feynman-x,
, where p L is the c.m. longitudinal momentum of the final hadron and x 1,2 the initial parton light-cone momentum fractions. Surprisingly the asymmetries are nearly independent of √ s over a very wide range ( √ s: 4.9 GeV to 500 GeV).
To understand the underlying physics being responsible for the observed SSAs one has to go beyond the conventional collinear parton picture in the hard scattering. As already stated in the introduction, two theoretical formalisms have been proposed to generate sizeable SSAs in the QCD framework: one based on transverse momentum dependent (TMD) parton distribution functions (PDFs) and fragmentation functions (FFs), and the other based on collinear twist-3 quark-gluon-quark correlations in the initial state proton or in the fragmentation process. As the SSAs for inclusive hadrons cannot discriminate between these different approaches, nor among the different mechanisms within the same formalism (initial vs. final state effects), the focus has in the recent years shifted to observables that could help in disentangling them clarifying their effective role, and, at the same time, will be able to give new insight into the transverse spin structure of hadrons.
Access to Transversity: the Collins and Interference Fragmentation Functions
To have a complete picture of the proton structure at leading twist one has to consider not only the unpolarised and helicity parton distributions, but also those involving transverse polarisation, as the transversity distribution. Transversity is difficult to access due to its chiralodd nature, requiring the coupling of this distribution to another chiral-odd distribution. Following the decomposition described in Refs. [29, 30, 31, 32] the quark transversity distribution coupled to the Collins TMD or to the interference fragmentation function (IFF) may be accessed through single spin asymmetries measured in transversely polarised proton-proton collisions. Recent results from transversely polarised data taken in 2006, 2011, and 2012 at RHIC demonstrate for the first time that this is the case, thanks to the SSA measurements of the azimuthal distributions of hadrons inside a high-energy jet and of the azimuthal asymmetries of pairs of oppositely charged pions respectively at √ s = 200 and 500 GeV. Figure 2 shows the first clear observations of nonzero Collins [33] and di-hadron [34] asymmetries in pp collisions at √ s = 200 and 500 GeV by STAR. STAR finds that the azimuthal asymmetry of pions in polarised jet production ( Fig. 2 (a) ) depends strongly on j T (j T ∼ ∆R p T,jet ), the momentum of the pion transverse to the jet thrust axis. Large asymmetries are seen for moderate values of j T , whereas much smaller asymmetries are found when the measurement is restricted to larger values of j T . The measurements exhibit basically no dependence on √ s despite the jet p T differs by a factor 2, chosen to sample for both data sets the same x T (x T = 2p T / √ s) to account for the x dependence. These data could represent a strong constraint on the evolution of TMDs, to either show evolution effects are small or cancel to a large extent in asymmetries. The "IFF-asymmetries" (Fig. 2(b) ) show a clear enhancement of the signal around the ρ-mass region. The equivalent measurement from PHENIX [35] is compatible with zero, which can be explained by the reduced rapidity (−0.35 < η < 0.35) and transverse momentum coverage of the hadron pair and that unidentified charged hadrons have been paired with each other or with π 0 . The "IFF-asymmetries" measured by STAR, like the Collins asymmetries, show also no dependence on √ s for fixed x T . This, in principle, is not unexpected as the "IFFasymmetries" are not following TMD-evolution, but are subject to collinear evolution. Extracting the transversity PDF from both observables, would further give the unique opportunity to test the magnitude of the theoretically predicted factorisation breaking effects for TMDs [36] measured in proton-proton collisions. For a detailed and upto-date review on IFFs see Ref.
[37] (this Special Issue). Figure 3 shows a nonzero Collins asymmetry for p ↑ p → jet+π 0 +X measured at 2.8 < η jet < 4.0 [38] . The jet is reconstructed only from the calorimetric energy deposited in the STAR Forward Meson Spectrometer (FMS), an electromagnetic calorimeter at rapidity 2.8 < η < 4.0. The kinematics of this measurement is identical to the one of the large forward asymmetries A N as depicted in Fig. 1 , for which the Collins mechanism was one of the possible explanations, together with the Sivers effect. This measurement clearly shows that the Collins mechanism alone cannot explain the observed inclusive π 0 -asymmetries, as also pointed out in Ref. [14] (see Sec. 3.1). Fits to SIDIS and e + e − data to extract transversity and the Collins FF find that the u-and d-quark transversity distributions are of opposite sign, with the u-quark transversity being larger in magnitude, and that the favoured and disfavoured Collins FFs are of similar magnitude, but of opposite sign. This, together with the fact that π 0 -mesons are equally composed out of u-and d-quarks, explains the small contribution to the Collins asymmetry.
Following the decomposition described in Ref. [31] , that shows how to correlate different angular modulations , as a function of pion z. These results could provide the first experimental constraint on model predictions utilizing linearly polarised gluons. See also Sec. 3.3. to different TMDs, STAR has extracted several other angular modulations [39, 40] . One example is the Collins-like asymmetry A sin(φS −2φ h ) UT as a function of z, integrated over the full acceptance and separated in forward and backward scattering relative to the polarised beam, shown in Fig. 4 . Currently all existing model predictions are unconstrained by measurements and suggest a maximum possible upper limit of ∼ 2% (see Sec. 3.3). The present data fall well below this maximum with the best precision at lower values of z, where models suggest the largest effects may occur. Thus, these data should allow for the first phenomenological constraint on model predictions utilizing linearly polarised gluons beyond the positivity bounds.
Transverse Polarisation in the Proton; Sivers and Qiu-Sterman effects
Among the quantities of particular interest to give insight into the transverse spin structure of hadrons is the Sivers function [20, 21] , because it encapsulates the correlations between the parton transverse momentum inside the proton and the proton spin. It was found that the Sivers function, f ⊥q 1T (x, k 2 ⊥ ), is not universal in the hard-scattering processes, which has as its physical origin what can be described as a rescattering of the struck parton in the colour field of the remnant of the polarised proton [41, 42] . The experimental test of this non-universality is one of the big remaining questions in hadronic physics and it is deeply connected to our understanding of QCD factorisation.
RHIC provides a unique opportunity for the ultimate test of the theoretical concept of TMDs, their factorisation theorems, evolution and non-universality properties, by measuring A N for W ± , Z 0 bosons and Drell Yan production. The measurement of these observables provides the two hard scales, p T , the transverse momentum of the virtual boson, and Q 2 (= M 2 ) with p T ≪ Q, as required in the TMD framework. The transversely polarised data set in Run-2011 at √ s = 500 GeV allowed STAR to measure the transverse single spin asymmetries, A N , for W ± and Z 0 -boson production [43] . Especially the measurement of A N for W ± bosons is challenging since, contrary to the longitudinally polarised case, it is required to completely reconstruct the W bosons, as the kinematic dependences of A N cannot easily be resolved through the high-p T decaying lepton; for details see Refs. [44, 45, 46] .
Thanks to the large STAR acceptance it is possible to reconstruct the W -boson kinematics from the recoil jet, a technique also used at D0, CDF and the LHC experiments. (Fig. 5(b) ) the asymmetry could only be reconstructed in one y-bin due to the currently limited statistics (25 pb −1 ). Details for this analysis can be found in Ref. [47, 43] . A combined fit to the W ± asymmetries in Fig. 5 based on the theoretical predictions of Kang and Qiu (KQ) [44] favors a sign-change for the Sivers function relative to the Sivers function in SIDIS by more than 2σ, if TMD evolution effects are small (see also Sec. 3.4). This analysis represents an important proof of principle. Figure 6 shows the projected uncertainties for transverse single spin asymmetries for W ± bosons as a function of rapidity for a delivered integrated luminosity of 400 pb −1 and an average beam polarisation of 55%. Such a measurement will provide the world wide first constraint on the light sea-quark Sivers function. At the same time, it will also give access to the sign change of the Sivers function, if the effect due to TMD evolution on the asymmetries is in the order of a factor 5 reduction. The expected statistical precision for the Z 0 and DY A N are 3 points in rapidity with an uncertainty of 0.2 and one point with an uncertainty of 0.008, respectively. ± bosons as a function of rapidity for a delivered integrated luminosity of 400 pb −1 and an average beam polarisation of 55%. The solid light gray and pink bands represent the uncertainty on the KQ [44] and EIKV [48] results, respectively, due to the unknown sea-quark Sivers function. The crosshatched dark grey region indicates the current uncertainty in the theoretical predictions due to TMD evolution. At this point it should be mentioned that, in principle, most of the other observables, namely those for single inclusive particle production in pp collisions, where only one hard scale is present, can be more naturally related to the transverse spin structure of hadrons through the twist-3 formalism. This scale is typically the p T of a produced particle or jet, which at RHIC is sufficiently large in much of the phase space. On the other hand the GPM approach applied to this class of observables still represents a very successful phenomenological approach and it is worth to be further explored.
For the sake of completeness we recall here that the Sivers function is related to its twist-3 counterpart, the Efremov-Teryaev-Qiu-Sterman (ETQS) function T q,F [2, 3, 4, 5, 6] , through the following relation [49, 50] ,
The primary observable of PHENIX and STAR to transverse spin physics has been through the study of forward neutral pion production in pp collisions (see, for example, Refs. [51, 52] ). This effort has been extended to include the first measurements at √ s = 200 GeV of the transverse spin asymmetry A N for the η meson [53] . The STAR Run-2011 data taken with transverse polarisation at √ s = 500 GeV have revealed several surprising results. Figure 7 shows the transverse single spin asymmetry A N for "electromagnetic jets" (i.e. jets with their energy only measured in an electromagnetic calorimeter) detected in the FMS at 2.5 < η < 4.0 as a function of the jet p T for different photon multiplicities and ranges in jet energy [54] . It can be clearly seen that with increasing number of photons in the "electromagnetic jet" the asymmetry decreases. Jets with an isolated π 0 exhibit the largest asymmetry, consistent with the asymmetry in inclusive π 0 events, as seen from the right-most panel in Fig. 1 . For all jet energies and photon multiplicities in the jet, the asymmetries are basically flat as a function of jet p T , a feature also already seen for the inclusive π 0 asymmetries. This behaviour is very different from what would be naively expected for an asymmetry driven by QCD subprocesses, which would follow a 1/p T dependence (see discussion in Sec. 3.1).
This STAR result is in agreement with preliminary observations from the A N DY collaboration at RHIC, which measured A N for inclusive jets at √ s = 500 GeV in the order of ∼ 5×10 −3 [55] . All these observations might indicate that the underlying subprocess causing a significant fraction of the large transverse single spin asymmetries in Transverse single spin asymmetries in direct photon production provide a very interesting and powerful tool: they could indeed represent a clear observable allowing to disentangle the different mechanisms at work in the initial state (see Sec. 3.2). For the 2015 polarised pp run both PHENIX and STAR have installed preshowers in front of their forward electromagnetic calorimeters, the muon piston calorimeter (MPC) and the FMS, respectively [56, 57] . These upgrades will enable a measurement of the SSA for direct photons both at √ s = 200 GeV and 500 GeV in the same kinematics where the inclusive A N (π 0 ) is largest, i.e. up to x F ∼ 0.7. For these asymmetries no potential cancelation as for jets and π 0 due to the opposite sign but similar magnitude of the u and d quark contributions is expected, since the electromagnetic nature of the process implies that the individual parton densities are weighted with the respective quark charge e 2 q . Figure 8 (a) shows the statistical and systematic uncertainties for the direct photon A N as to be obtained by PHENIX in Run-2015 at √ s = 200 GeV; similar uncertainties will be obtained by STAR. The asymmetry can be measured up to x F ∼ 0.7 where the inclusive π 0 asymmetries are largest (see Fig. 1 ). The curves represent calculations based on the GPM approach [15] (see also Sec. 3.2 for further details) and the twist-3 formalism [58] . Figure 8 (b) shows the same simulation and uncertainties for the direct photon SSA at √ s = 500 GeV, a measurement earliest possible in 2017. The theoretical asymmetries are reduced by a factor 2 due to the larger p T values spanned at √ s = 500 GeV w.r.t. the corresponding ones at 200 GeV for the GPM and to the collinear evolution in the twist-3 approach. The precision of the data will be good enough to separate the two predictions at both center-of-mass energies. Both PHENIX and STAR have made important measurements at midrapidity suitable to constrain, in particular, gluon TMDs. Figure 9 shows A N for π 0 (a) and η (b) mesons at midrapidity at √ s = 200 GeV. No significant deviation from zero can be seen in the results within the statistical uncertainties in the covered transverse momentum range. With the dominant underlying subprocesses being qg and gg scattering, these asymmetries can be used to constrain the gluon Sivers function within the GPM approach [59, 60] (see Sec. 3.1). PHENIX has further made measurements of A N for inclusive muons [61] and J/ψ [62] mesons measured at 1.4 < |η| < 1.9 with the PHENIX muon arms. These inclusive muons come dominantly from open charm and J/ψ mesons, which can be only produced through gluon-gluon fusion and therefore give a direct sensitivity to the integral over x of the gluon Sivers function within the GPM and the three-gluon correlator within the twist-3 formalism. The transversely polarised STAR data taken at √ s = 500 GeV in 2011 also provide enhanced sensitivity to lower x partons and therefore distributions such as the gluon Sivers TMD. The Sivers function may be accessed via the azimuthal asymmetries of inclusive jets. These asymmetries, shown in Fig. 10 , are presented as a function of particle-jet p T for −1 < η jet < 1. No large asymmetries are observed, consistently with expectation from measurements at √ s = 200 GeV [63, 64, 65] and model predictions [66, 60] .
Theory and Phenomenology
In this Section we will present a selection of results within the GPM approach on SSAs for single-inclusive large-p T pion, jet and photon and for double-inclusive pion-jet production in proton-proton collisions, as well as for DrellYan processes. A brief account of more general double inclusive processes is also given. For a complete treatment and discussion of all these cases we refer to the related quoted papers.
SSAs in
This process still represents a puzzling issue in QCD. In the GPM A N originates mainly from two spin and transverse momentum dependent effects, one introduced by Sivers in the partonic distributions [20, 21] , and one by Collins in the parton fragmentation process [22] . All other TMD effects are in fact strongly suppressed by intrinsic azimuthal phase integrations [13] . As already mentioned the transverse single spin asymmetry A N , measured in p ↑ p → h X inclusive reactions is defined as:
where ↑, ↓ stay for opposite spin orientations perpendicular to the x-z scattering plane, in the p ↑ p c.m. frame. We define the ↑ direction as the +ŷ-axis, with the polarised proton moving along the +ẑ-direction. Notice that dσ ↑ + dσ ↓ is twice the unpolarised cross section. In such a process the relevant large energy scale is the transverse momentum p T = |(p h ) x | of the final hadron.
According to the GPM formalism [13, 14, 15] , A N can then be written as:
The Collins and Sivers contributions, which were recently reconsidered respectively in Refs. [14] and [15] , are given in the GPM by:
and
where d[P S] is the proper phase-space factor including all relevant kinematical factors and theM 0 i 's are the partonic c.m. helicity amplitudes. For details and a full explanation of the notation in the above equations see Ref. [13] (where p ⊥ is denoted as k ⊥C ).
The Sivers effect is encoded in the number density of unpolarised quarks q (or gluons) with light-cone momentum fraction x and intrinsic transverse momentum k ⊥ inside a transversely polarised proton p ↑ , with threemomentum P and spin polarisation vector S, that can be written aŝ
where
Notice that the Sivers function is also denoted as f ⊥q 1T (x, k ⊥ ) [67, 68] . Similarly, due to the Collins effect, the number density of unpolarised hadrons h with light-cone momentum fraction z and transverse momentum p ⊥ produced in the fragmentation of a transversely polarised quark q ↑ , with three-momentum q and spin polarisation vector S q , can be written aŝ
Notice that the Collins function is also denoted as H ⊥q 1 (z, p ⊥ ) [67, 68] . The phase factor cos(φ a ) in Eq. (4) originates directly from the k ⊥ dependence of the Sivers distribution [S·(P × k ⊥ ), Eq. (6)]. Analogously, the phase factor cos( (5) originates from the k ⊥ dependence of the unintegrated transversity distribution ∆ T q, the polarised elementary interaction and the spin-p ⊥ correlation in the Collins function. The explicit expressions of ϕ 1 , ϕ 2 and φ H h in terms of the integration variables can be found via Eqs. (60)- (63) in [13] and Eqs. (35)- (42) in [69] .
For the process p ↑ p → π X the Collins and Sivers effects cannot be disentangled: both of them could, in principle, contribute to A N . While a global fit including all available data is still premature, one could start showing to what extent the corresponding TMDs, so far extracted from fits to azimuthal asymmetries measured in SIDIS and e + e − annihilation processes, are able to describe A N data. To this aim we consider separately the two effects as acting alone. In the following we will focus on single pion production.
Let us start by considering the forward rapidity region, where one can safely neglect the gluon Sivers contribution.
In such a case one has to take into account that SIDIS data, from which the quark Sivers function and the transversity distribution (entering the Collins effect) can be extracted, are limited to x B values lower than 0.3. This implies that, being x > x F (with x the light-cone momentum fraction of the parton inside the polarised proton), the use at large x F of parameterisations coming from SIDIS fits is not completely under control. For this reason a different strategy has been devised: one first starts with a large set of parameterisations scanning the large-x behaviour of these two functions, keeping only those sets that guarantee a statistically sound fit of SIDIS data; then, among the left sets, we select the one that describes better also the large-x F A N (p ↑ p → π X) data (namely from STAR and BRAHMS experiments at √ s = 200 GeV). To better substantiate the significance of these results we furthermore calculate their statistical uncertainty bands following the procedure described in Appendix A of Ref. [70] (for a more comprehensive discussion of the entire procedure see Refs. [14] and [15] ). fixed rapidity values, η = 3.3 and 3.7, compared with STAR data [52] . These results are obtained adopting the Kretzer set for the collinear unpolarised fragmentation functions [71] ; similar results can be obtained with the set by de Florian, Sassot and Stratmann (DSS) [72] . Notice that for the Collins effect we do not show the best curve since its contribution is always quite below the large x F data. From this study one can conclude that while the Sivers effect alone, as extracted from SIDIS data, could be able to describe fairly well pion A N data, the Collins effect underestimates systematically the large x F data. It remains to check whether a possible combination of the two effects could eventually describe these SSAs and, at the same time, other SSAs in pp collisions where only the Sivers effect or the Collins one (see the next Sections) play a role.
Concerning the twist-3 approach, it has been shown that, by using the relations among moments of TMDs and the twist-3 functions, see e.g. Eq.
(1), a global description of SIDIS and SSAs data is possible [9] . In particular, in this approach a significant portion of the sizeable inclusive pion asymmetries seen at forward pseudorapidity is due to an extra twist-3 piece in the fragmentation (that has no counterpart in the TMD sector) coupled to transversity [9] . This calculation shows, similar to the experimental results (see comments in Sec. 2.2), a flat p T dependence for A N . We notice here that this flat and puzzling behaviour in p T appears also in the GPM, as discussed in Ref. [15] . Taking into account that both approaches are based on a perturbative QCD scheme, this result could be ascribed to a partial mitigation of the proper 1/p T behaviour (intrinsic by definition in the twist-3 approach) via a compensation among different factors. Even though the twist-3 findings certainly represent a promising attempt to describe adequately the effects seen in SIDIS and in pp collisions, some aspects still need to be better understood, like the role played in other processes by the new (and relevant) twist-3 fragmentation contribution. As a matter of fact currently the forward rapidities (η > 2.5) are the only kinematic region where the effects due to this twist-3 FF coupled to transversity are sizeable.
Moving now to the central rapidity region, it can be shown that only the Sivers contribution could play a role. In this case, in fact, the Collins effect is suppressed by the integration over the complex azimuthal phase appearing in Eq. (5). By using information at our disposal on the quark Sivers distribution, together with available data on A N (π 0 ) by the PHENIX Collaboration (Fig. 9 , upper plot) -almost compatible with zero -one can gain some knowledge on the poorly known gluon Sivers function (GSF). Recently, in Ref. [60] a first preliminary extraction of the GSF has been presented, significantly improving the former bound [59] . In Fig. 13 we present these findings, showing the best-fit result of the first k ⊥ moment of the GSF (solid line) as a function of x at Q 2 = 2 GeV 2 ; the dashed bands represent the possible uncertainties on this extraction by allowing for a variation of the χ 2 of 2% (green band) and 10% (red band) w.r.t. the minimum best fit value. Notice that this scenario is obtained with the Kretzer FF set [71] ; for a more complete discussion on this extraction see Ref. [60] .
Still focusing on SSAs in hadronic processes, we have to mention that to access the GSF other channels have been also proposed, like the inclusive photon production in the large negative x F region [73] , the back-to-back azimuthal correlations in two-jet production [74] and the inclusive D meson production at RHIC [75] . See Ref. [76] for a detailed and updated discussion on the gluon Sivers function. Similarly, the role of linearly polarised gluons inside (un)polarised protons in inclusive processes has been actively investigated, e.g. in pion-jet production [31] (see Sec. 3.3), heavy quark and jet-pair production at electronion or hadron colliders [77, 78] , and Higgs production at the LHC [79, 80, 81] . The best estimate (red solid line) is shown together with the tolerance bands corresponding to a 2% (narrower, green) and 10% (wider, red) variation in the χ 2 . The former bound on the gluon Sivers function (magenta dotted line), obtained in Ref. [59] , is also shown.
SSAs in pp → jet X and in pp → γ X
In these processes no fragmentation mechanism is present, so that, within the GPM approach, one can access directly the Sivers effect, as discussed, e.g., in Refs. [12, 31] . Notice that, for the same reason, SSAs for inclusive jet or photon production can be used to test the process dependence of the Sivers functions and/or to discriminate between the GPM and the twist-3 approach.
The numerator of A N for inclusive jet production can be obtained from Eq. (4) by simply replacing the TMD fragmentation function, D h/c (z, p ⊥ ), with a factor δ(z − 1) δ 2 (p ⊥ ) (and identifying now the final hadron momentum, p h , with the jet momentum p jet ≡ p c ). Notice that the elementary hard scattering interactions are exactly the same as those for inclusive hadron production and, at leading order, the jet is identified with the final parton c.
Concerning direct photon production, the basic partonic processes are the Compton process g q (q) → γ q (q) and the annihilation process→ γ g. Also in this case one can formally use the same equation (as for the inclusive jet production), by replacing the partonic helicity amplitudes with the corresponding ones for the process a b → γ d (see also Ref. [12] ).
In Fig. 14 we show our estimate, based on the chosen best parameterisation of the Sivers function (as obtained in the combined study of SIDIS and pion A N data, see the previous Section), for A N (x F ) in p ↑ p → jet X processes at fixed pseudo-rapidity η = 3.25 and √ s = 500 GeV, and compare it with the A N DY data [55] . The corresponding statistical uncertainty (shaded area) is also shown. The analogous estimates for A N (x F ) in p ↑ p → γ X processes at fixed pseudo-rapidity η = 3. tation within the GPM approach, where the behaviour of the Sivers functions from fits to the SIDIS data shows that the u and d quark Sivers functions have opposite sign but almost equal magnitude (at least in the valence region). Notice that in the estimates presented in Fig. 14 we adopt a parameterisation where the u-quark Sivers function at large x is much larger than the d-quark function (this indeed allows to get a sizeable A N for inclusive π 0 production at forward rapidities (Fig. 11) [15] ). Within the GPM approach the smaller size of A N in inclusive jet (at 500 GeV) w.r.t. inclusive neutral pion (at 200 GeV) production at the same x F values is due to the different p T values covered (larger for A N DY kinematics). With increasing p T the integration over the azimuthal phases becomes more suppressing, reducing the overall SSA.
Still concerning the SSA for inclusive jet production, a modified GPM with inclusion of initial and final state interactions [82, 83] , the so-called colour-gauge invariant (CGI) GPM approach, as well as the twist-3 approach [58] would give a similar description of the data, but with an overall change of sign for the asymmetry. On the other hand the small values of A N , due to strong cancellations between the u and d quark contributions, prevent any definite conclusion.
Results for single photon production are in some sense even more interesting. In such a case the quark charge factors lead to a dominance of the u-quark contribution and A N results sizeable. Once again, in the twist-3 approach [10] one gets a similar magnitude as in the GPM approach but with an opposite sign (see Fig. 8 ). Thus, the measurement of A N for single photon production, no matter how difficult, would clearly discriminate between the two approaches.
SSAs in pp → jet h X
Azimuthal distributions of leading hadrons inside large transverse momentum jets in polarised proton-proton collisions are a very important and complementary source of information on TMD distribution and fragmentation functions. In complete analogy with the SIDIS case, the process p ↑ p → jet h X allows one to disentangle among the different TMD mechanisms at work (the Collins and Sivers effects notably) by looking at different angular moments of the observed azimuthal distribution. The comparison with analogous SIDIS results, then, offers a unique way to check the universality and process dependence of TMDs.
From the experimental point of view, it is certainly not an easy task to measure the distribution of leading hadrons (mostly pions) around the reconstructed jet axis. However, as we have seen in Sec. 2, work on these observables is in advanced progress at RHIC and first interesting preliminary results are already available, see Figs. 2(a), 3, 4 .
From the theoretical side, the Collins asymmetry in the azimuthal distribution of leading pions inside jets with large transverse momentum and (pseudo)rapidity in polarised pp collisions was first studied in Refs. [29, 30] . By neglecting intrinsic motion in the initial protons, factorisation was proven for the TMD approach, opening the way for a direct check of the predicted Collins function universality by comparison with the corresponding Collins asymmetry measured in SIDIS processes. Notice that in this scheme, only the Collins azimuthal asymmetry is present at leading twist.
In Refs. [31, 83, 84] this approach was phenomenologically extended to include intrinsic motion effects also in the initial colliding protons, in the context of the generalised parton model. This makes the phenomenology much richer. In fact, besides the Collins asymmetry, also the Sivers asymmetry and analogous effects for gluons can be present and measured in principle. There are several other interesting aspects that the study of these azimuthal asymmetries can help clarifying: First of all, the unambiguous measurement of a non-vanishing Sivers azimuthal asymmetry in this process would be a clear indication that intrinsic motion inside initial colliding hadrons plays a significant role in the process and cannot be neglected; the measurement of azimuthal asymmetries generated by gluonic channels would offer the opportunity to study (un)polarised gluon TMDs at leading order, which is outside the reach of similar studies in SIDIS, DY processes or e + e − collisions. Moreover, at least in principle, this would also give a way to distinguish among quark and gluon generated jets. As we have already seen, the lack of a factorisation proof for inclusive hadron production in pp collisions asks for a careful study of colour initial and final state interactions resulting in possible process dependences and universality breaking effects for TMDs (notice however that the Collins function is expected to be universal). In Ref. [83] a first attempt has been made to incorporate in the generalised parton model initial and final state interactions for quark initiated processes, in particular for the p ↑ p → jet π X process. The extension of this approach, known as the colour-gauge invariant generalised parton model (CGI-GPM), to gluon channels and to other processes is under current investigation. Furthermore, phenomenological applications incorporating all proper kinematical cuts for RHIC experiments, in particular jet cuts, are in progress [85] . In this review we will limit ourselves to show a few representative results for the Collins and Sivers asymmetries, discussing their implications for future measurements. We refer to the literature [31, 84] for all technical details and for a complete formulation of the approach and a discussion of the kinematics (see also Fig. 15 ).
The cross sections and the azimuthal asymmetries measured are given as a function of the following main kinematical variables: the total energy in the c.m. frame of the colliding hadrons ( √ s = 200 and 500 GeV for RHIC results); the transverse momentum and the (pseudo)rapidity of the jet, p jT and η j respectively; the light-cone momentum fraction of the observed hadron h, z; the hadron transverse momentum w.r.t. the jet thrust axis (coinciding, in a leading order approach, with the fragmenting parton direction of motion), k ⊥h ; the azimuthal angles of the transverse spin of the initial polarised proton in the hadronic c.m. frame and of the observed hadron around the jet direction in the jet helicity frame, respectively φ S and φ H h . As shown in Ref. [31] , and considering the pion production case to be definite, the single transverse polarised differential cross section for the process p(S)p → jet π X has the following leading-twist general structure [here dσ is a shortand notation for
The numerator and the denominator of the transverse spin asymmetry are given respectively by:
In close analogy with the SIDIS case (see e.g. Ref. [23] , this Special Issue), for the single spin asymmetry we can define appropriate azimuthal moments:
is the suitable circular function required to single out the azimuthal dependent term of interest in the asymmetry.
For a full discussion of the azimuthal structure of the cross section and the asymmetry, and of the partonic contributions and the corresponding TMD PDFs and FFs involved in each term, see Ref. [31] . Here we will limit to discuss the terms that, at least in principle, can be sizeable and are then phenomenologically relevant: 1) The Sivers asymmetry, A sin φS N , receiving contributions from both the quark and gluon Sivers functions in the transversely polarised proton, which cannot be disentangled;
2) The Collins asymmetry, A sin(φS−φ Due to the lack of space, we will show a few pictures just to give an idea of the type of results we may expect for kinematical configurations similar to those currently under investigation at RHIC. A more extensive and detailed treatment can be found in Refs. [31, 84] . The role of specific kinematical cuts on the variables of the process can be relevant. Theoretical studies specifically devoted to reproduce the RHIC kinematical configurations are in progress [85] .
Concerning the first two cases, Sivers and Collins effects, we will show results based on the scan procedure already described in the previous Section. This indeed represents, at the moment, the best way to study simultaneously the SSAs in SIDIS and pp collisions.
In Fig. 16 we show the scan bands (envelope of all possible parameterisations) in the generalised parton model (red bands) and in the CGI-GPM (green bands) for charged and neutral pions in the p ↑ p → jet π X process for the in the GPM and CGI GPM approaches, for the process p ↑ p → jet π X, as a function of pjT , at fixed value of the rapidity ηj and c.m. energy √ s = 500 GeV. The shaded bands are generated following the scan procedure as detailed in Refs. [14, 15] .
Sivers asymmetry A sin φS N
, as a function of the jet transverse momentum, p jT , at fixed jet pseudorapidity, η j = 3.3 and c.m. energy √ s = 500 GeV. These estimates are obtained by adopting the quark Sivers function parameterisations resulting from the scan procedure in fitting the analogous Sivers asymmetry in SIDIS processes with the Kretzer FF set [71] . Notice that at such forward pseudorapidities the gluon Sivers contribution is negligible.
The uncertainty bands (corresponding to the shaded areas in the plots) reflect the indeterminacy in the quark Sivers function parameterisations due to the limited x B range explored by SIDIS experiments, 0.01 ≤ x B ≤ 0.3 [15] . Since the minimum allowed value of the light-cone momentum fraction for the quark inside the transversely polarised proton increases with the growing of p jT , the widening of the bands reflects the fact that for p jT ≥ 5.7 GeV (corresponding to x F ≥ 0.3), the Sivers function parameterisations are poorly constrained.
From these results, we see that, with the support of precise data, in the important region 2 ≤ p jT ≤ 4 GeV one could be able to discriminate between the GPM and the CGI-GPM approach and test the process dependence of the Sivers function. For larger p jT values the forthcoming SIDIS data at larger x B by JLab, constraining the large x region of the Sivers function, will be very useful. Notice also that the results for the neutral pion case are very similar to the analogous results for the Sivers asymmetry in the inclusive jet production, for which experimental data are available. At present, however, the width of the uncertainty bands does not allow to discriminate among the GPM and its colour gauge invariant version.
In Fig. 17 we show results for the Collins azimuthal asymmetry for charged and neutral pions, A
, in similar kinematical configurations. These are obtained by adopting the parameterisations for the transversity distribution and the pion Collins function given by the scan procedure in the fit to the SIDIS Collins asymmetry data and to pion pair azimuthal correlations in e + e − annihilations [14] , using the Kretzer FF set. The meaning of the shaded areas is the same as discussed above. Comparison of these results with corresponding RHIC data can be very important in order to confirm the expected universality of the Collins function.
In Fig. 18 we finally show maximised estimates for the gluon Collins-like asymmetry A sin(φS−2φ GeV, adopting both the Kretzer [71] and the DSS [72] set of fragmentation functions. Notice that, since the gluon Collins-like TMDs are practically unknown at present, the sign of the asymmetry is arbitrarily chosen to be positive and all TMDs involved are saturated to their positivity bounds in order to maximise the contribution. With some caution, since our estimates do not include all proper kinematical cuts, we can compare these results with the corresponding ones presented in Fig. 4 for charged pions. From the data, there are some indications that the Collins-like asymmetries might be negative for both π + and π − , very small at lower z and with some tendency to increase at larger z values, although error bars become larger also. More precise analyses and larger statistics for the data are required before drawing any conclusion on the gluon Collins-like functions. On the other hand these preliminary data may help in constraining the TMDs for linearly polarised gluons.
SSAs in pp
Drell-Yan processes, due to the lack of any fragmentation mechanism, are definitely an invaluable tool to study TMDs in the distribution sector. Even with unpolarised beams by studying proper modulations in the azimuthal distribution of the di-lepton pair in its c.m. frame one could access another interesting T-odd TMD, the so-called Boer-Mulders (BM) function, that gives the distribution of transversely polarised quarks inside an unpolarised nucleon. More precisely we refer here to the large cos(2φ) azimuthal dependence that can arise, at leading order, from a convolution of two Boer-Mulders distributions, as originally discussed in Ref. [86] and further studied in Refs. [87, 88, 89, 90, 91, 92] . Unfortunately the extraction of this TMD is still affected by too many sources of uncertainty.
Moving to the SSAs, our main topic, DY represents definitely one of the cleaner processes to access the Sivers effect. Indeed for such processes, like for SIDIS processes and in contrast to inclusive single hadron production, TMD factorisation has been proven to hold [16, 17, 18, 19] . Moreover, according to the widely accepted interpretation of the QCD origin of tSSAs as final or initial state interactions of the scattering partons [41] , the Sivers function should exhibit opposite signs in SIDIS and DY processes [42] . This property, still to be confirmed by experiments, represents one of the major challenges in our understanding of SSAs.
Predictions for Sivers A N in DY at different forthcoming or foreseen experimental setups were given in Ref. [93] , which we follow here. For their relevance, in the sequel we focus on RHIC and COMPASS kinematics. In the second part of this Section we will comment on the very interesting case of DY via W -boson exchange.
In Ref. [93] a detailed study of the SSAs for DY processes in the p ↑ −p c.m. frame was presented, by analysing their dependence on q 2 = M 2 , the square invariant mass of the lepton pair, representing the large scale in the process, and q 2 T , the small one, where q is the lepton-pair four-momentum. In order to collect data at all azimuthal angles, one defines the following moment of the spin asymmetry:
where φ γ and φ S are respectively the azimuthal angle of the ℓ + ℓ − pair and of the proton transverse spin, and
In order to present estimates for the Sivers asymmetries in Drell-Yan processes -and test the crucially important sign change when going from SIDIS to DY -we insert the Sivers functions as extracted from SIDIS fits [70] into Eq. (13), changing their sign.
In Fig. 19 we show A sin(φγ −φS ) N for RHIC kinematics as a function of x F = x 1 − x 2 (at leading order) and M at √ s = 500 GeV, integrated over q T in the range 0 ≤ q T ≤ 1 GeV, which is within the region of validity of the TMD approach. The other integration ranges are 4 ≤ M ≤ 9 GeV, at fixed x F , for the left plot, and 0.1 ≤ x F ≤ 0.7, at fixed M , for the right plot, with the further constraint 1.5 ≤ y ≤ 4, according to the experimental kinematical cuts. This region includes the range already explored by SIDIS measurements, where the Sivers functions are reliably constrained, extending it up to much higher values of x. The maximum value (in magnitude) of the asymmetry (∼ 8%) shown in the left panel is expected at x F ∼ x 1 ≃ 0.2, where the valence Sivers functions reach their maximum. The asymmetry for x F > 0.4, that implies x values not covered by SIDIS data, is affected by a huge uncertainty band (calculated according to the procedure described in Ref. [70] ). Measurements in this region could then offer an opportunity to test also the large-x behaviour of the Sivers functions. Moreover, data in the negative x F region would test the contribution of the sea Sivers functions, as first pointed out in Ref. [94] .
In Fig. 20 results for A sin(φγ −φS ) N at COMPASS are shown. In such a case the process under consideration is
Notice that, by rotational invariance, one has
Again both the numerator and denominator of Eq. (12) are integrated over q T up to 1 GeV, M between 4 and 9 GeV (left plot) and x F in the range 0.2-0.5 (right plot). The pion beam energy, in the laboratory frame, is taken to be 160 GeV, corresponding to √ s = 17.4 GeV. It is interesting to notice that positive values of x F correspond to (or at least overlap with) the x region explored by the SIDIS experiments (x ≤ 0.3) and the data used to extract our Sivers functions. Instead, negative values of x F correspond to larger x 2 values. Finally, it is important to remark that, as the COMPASS experiment will involve charged pion beams, π − (ūd) and π + (ud), the dominant elementary process contributing to the asymmetry will bē
for the π + beam. Consequently, the prediction of the sign change of the Sivers function in SIDIS and Drell-Yan processes [95, 42] can be clearly tested, as the sign of the asymmetry for π − (π + ) beam is given by the sign of the u (d) Sivers function, which is well established.
It is also worth to remark that in standard DY processes, that is via photon exchange, the up-quark flavour is enhanced w.r.t. the down one through the electric charge factor. On the other hand the opposite sign of their corresponding Sivers functions could lead to a partial cancellation, reducing eventually the SSA. On top of that, there is only a moderate sensitivity to the sea-quark contributions. To have a better flavour separation, in Refs. [96, 97] the authors proposed to measure A N for the analogous process p ↑ p → W X → ℓν X at RHIC. In such a case at forward rapidities w.r.t. the polarised proton the W + production would be directly sensitive to the up-quark Sivers function, while the W − to the down one, leading to a well defined sign for A N . This could play a crucial role for testing the time-reversal modified universality of the Sivers function. At the same time, by looking at negative rapidities, one could also have a more direct access to the sea-quark Sivers distributions. This idea was further developed in Ref. [44] , where, to avoid the potential difficulties in reconstructing the W boson (actually solved at RHIC), also the lepton production from the W decay was considered. In that work it was shown how the SSA for inclusive W production could be much larger than the corresponding A N in DY processes and that, although the lepton asymmetry is diluted from the W decay, it is still at the level of several percents, with a clear signature and measurable for a good range of lepton rapidity at RHIC.
More recently the same calculation has been performed taking into account the QCD evolution of the Sivers function [48] , leading to much lower A N values, for the inclusive W production, w.r.t. those calculated in Ref. [44] . On the other hand there is still some controversy and many uncertainties on some phenomenological aspects of the evolution of TMDs, in particular concerning the proper treatment of their nonperturbative part. For these reasons these results have to be taken with some caution and, as also recently pointed out in Ref. [46] , it cannot be excluded that TMD evolution could lead to a much lower overall effect (see Fig. 6 and comments in Sec. 2.2). Notice that in Refs. [44, 48] 
at fixed φ γ = 0, with the polarised proton moving along the +z direction (and φ S = π/2). That means an opposite sign (but the same size) compared to the moment of the asymmetry, A sin(φγ −φS ) N .
SSAs in double inclusive production in pp collisions
In Sec. 3.3 we have discussed in some detail the importance of the study of SSAs in pp → jet π X, where the two particles in the final state belong to the same hemisphere. Other interesting cases of double inclusive production in pp collisions, with the two final particles belonging to opposite hemispheres, were proposed in Refs. [74, 98, 99, 100, 101] . We refer here to the study of di-jet, hadronjet, photon-jet production at large P T in hadronic processes, where a second small scale, relevant for the TMD approach, is the total q T of the two particles in the final state (i.e. their q T imbalance). Note that this q T is of the order of the intrinsic partonic momentum k ⊥ . In close analogy to the CGI-GPM, this approach leads to a modified TMD factorisation scheme, with the inclusion in the elementary processes of colour gauge link factors [102, 103, 104] . Despite the identification of two separate scales, even for such hadronic processes some problems with the TMD factorisation have been pointed out [105, 36] .
For their relevance in the context of TMD factorisation and process dependence, less involved processes from the point of view of colour gauge links need to be considered. For example, processes like p ↑ p → γγ X [106] or p ↑ p → J/ψ γ X, where only initial state interactions are involved like in DY. These could play a significant role in shedding light on these issues.
Conclusions and outlook
Transverse single spin asymmetries in hadronic reactions, starting from the first observations carried out almost 40 years ago, still represent one of the most fascinating observables in hadron physics. Their size and features and their persisting at the current available c.m. energies and p T values are puzzling and, at the same time, challenging aspects in QCD. The study of SSAs is also strongly related to our understanding of the structure of hadrons and their spin and orbital angular momentum content in terms of partons. In this sense they play a crucial role in the 3D mapping of the nucleons.
Certainly the start of RHIC and its transverse polarised proton program has provided till today a wealth of new data, which offer the unique opportunity to expand our current one-dimensional picture of the nucleon by imaging the proton in both momentum and impact parameter space. At the same time we can further understand the basics of colour interactions in QCD and how they manifest themselves in different processes. The most recent results from PHENIX and STAR have shown that large transverse single spin asymmetries for inclusive hadron production, seen in pp collisions at fixed-target energies and modest p T , extend to the highest RHIC energies and surprisingly large p T .
In this review we have focused in some detail on the GPM approach, that gives also the possibility to access directly the 3D structure of the nucleons. Even if not formally proven, this model is able to reproduce fairly well many features of the available data, and at the same time, represents a window on possible factorisation breaking effects, not yet seen. We have presented and discussed a selection of relevant experimental results from RHIC and given estimates for several inclusive processes within the GPM approach, pointing out the similarities and the differences with respect to the twist-3 results. In particular, it has been shown how, among the single inclusive processes, tSSAs in direct photon production could represent a clean observable to access the mechanism at work in the initial state, allowing to disentangle these two approaches. Midrapidity data in inclusive pion or jet production have been shown to provide a powerful tool to constrain the still poorly known gluon Sivers function.
However, SSAs in inclusive processes present some features that deserve more attention and study. Indeed there are two surprising facts, which might indicate that the underlying subprocess causing a significant fraction of the large transverse single spin asymmetries in the forward direction for single inclusive production are not dominated by 2 → 2 parton scattering processes; first: A N at forward rapidities basically vanishes going from inclusive π 0 s to electromagnetic jets and second: the asymmetries are basically flat as a function of p T . During the 2015 transversely polarised pp run at √ s = 200 GeV the conjecture that the subprocesses dominating the forward A N are of diffractive nature can be definitely tested by STAR, by measuring A N (π 0 ) for single and double diffractive events and tagging one or both forward scattered protons in the STAR Roman Pots.
The above issues questioning the single inclusive processes could be clarified by studying SSAs in double inclusive production, proposed in recent years as a tool to access separately the contributions from the initial and final state effects. The results from transversely polarised data taken in 2006, 2011, and 2012, for example, demonstrate for the first time that transversity is accessible in polarised proton collisions at RHIC at √ s = 200 GeV and 500 GeV through double inclusive observables involving the Collins FFs or the IFFs. In particular, we have discussed SSAs for pion-jet production, where, at variance with the single inclusive case, one could disentangle the Sivers and the Collins effects and test their universality properties. In this context a surprising result is the fact that the measurements exhibit basically no dependence on √ s, despite the jet-p T differs by a factor 2. These data could then provide valuable inputs to constrain TMD evolution effects. Moreover, SSAs in pion-jet production allow to access, and constrain, the linearly polarised gluon distributions both in the initial and final state.
From the theoretical point of view, while the Collins function is proven to be universal, according to the present understanding of TMDs in QCD, the Sivers function is expected to be process dependent, changing its sign when probed in DY w.r.t. SIDIS processes. Estimates for SSAs in Drell-Yan processes, that could provide a clear-cut proof of this modified universality, have also been given. The ongoing program at COMPASS on tSSAs for DY processes with charged pion beams would be an invaluable opportunity in this respect. The first experimental investigation of this non-universality has been already provided by STAR, measuring A N for W ± bosons. High precision data for A N for W ± , Z 0 boson, DY production, at √ s = 500 GeV, becoming available after the transversely polarised pp RHIC Run in 2017, will provide a unique opportunity for the ultimate test of the theoretical concept of TMDs, factorisation, evolution and non-universality. The measurement of A N for W ± bosons as a function of rapidity will also give the worldwide first constraint on the light sea-quark Sivers functions.
Among the most relevant open issues we have to point out that TMD evolution still deserves further studies on the theory side and new SSA measurements in pp collisions could definitely help in clarifying its effective role. Another point to be investigated is whether the underlying mechanisms responsible for the tSSAs observed in inclusive pp collisions and SIDIS processes have or not the same origin. A true global analysis, still missing, could allow to check this very important aspect. In this respect the forthcoming experimental programs like, for example, those planned or proposed at the Electron Ion Collider, AFTER@LHC and SeaQuest at FermiLab would be extremely helpful.
The rich experimental activity in progress and the current developments and refinements in the theoretical approaches are a guaranty that transverse single spin asymmetries will keep providing novel and deep insights into the 3D structure of the nucleons.
